The BALB/c inbred mouse is widely used in models of infectious disease, transplantation, and cancer. The differences in the immune responses of BALB/c compared to C57BL/6 mice are especially valuable for the identification of immune regulation genes. One striking immune variance between these mice is in the function of natural killer (NK) cells, and there is strong evidence implicating differential expression of Ly49 genes. In this study, the complete BALB/c Ly49 gene cluster has been sequenced and found to contain six functional genes and two pseudogenes. Compared to C57BL/6 mice, there is a 200 kb region absent in the BALB/c cluster including a complete lack of Ly49h-related genes, which explains the increased susceptibility of BALB/c to cytomegalovirus infection. In addition, there is no BALB/c Ly49d allele, explaining the inability of BALB/c NK cells to kill certain tumor cells. The Ly49 region has now been sequenced in three different inbred mouse strains, and comparisons indicate that the evolution of each haplotype is not straightforward and has involved large-scale deletions/ insertions, gene recombination, and unequal crossing over between divergent haplotypes. This study confirms that relatively small murine class I MHC receptor haplotypes exist, analogous to observations made of human killer cell Ig-like receptor gene haplotypes.
Introduction
The BALB/c mouse is an important animal model for immunologists and has been widely used for the dissection of natural killer (NK) cell function in tumor surveillance, transplantation, and infectious disease studies. NK cells from BALB/c mice are especially informative due to their differing functional capabilities as compared to NK cells derived from other strains such as C57BL/6 (B6) mice. Early reports identifying the receptors that affect the ability of murine NK cells to spare or destroy potential target cells were performed mainly in B6 mice, although a smaller number of studies were conducted with other mice, including BALB/c. In mice the Ly49 gene family codes for inhibitory and activating receptors that largely regulate NK cell function by the recognition of self (class I MHC) and non-self (pathogen-derived ligands), respectively. Restriction fragment length polymorphism (RFLP) analysis of the Ly49a gene produced the first evidence that the genomic structure, and possibly content, of the Ly49 gene families is different in B6 and BALB/c mice. 1, 2 With respect to surface receptor phenotype, BALB/c and B6 NK cell subsets share some NK cell-specific mAb staining since they both react with the YE1/48 (Ly49A), 5E6 (Ly49C/I), and 4D11 (Ly49G) antibodies. 3 In contrast, B6 and not BALB/c NK cells are 4E5 þ (Ly49D), NK1.1 þ (Nkrp1c), and also possess a 5E6 À 1F8 þ (Ly49H) population. [3] [4] [5] Cloning and sequencing of Ly49 cDNAs showed that BALB/c NK cells share at least three Ly49-related sequences or alleles with B6 mice: Ly49a, c, and g, although the alleles have diverged and contain a significant number of differences, resulting in several amino-acid substitutions. [6] [7] [8] The novel activating Ly49L receptor was also found to be expressed in BALB/c mice, but was first identified in the Ly49 haplo-identical CBA and C3H mouse strains. 8, 9 The finding of Ly49L supported the contention that all activating receptors have an inhibitory counterpart with a highly similar extracellular domain that has probably arisen by gene hybridization between two different Ly49 genes. For example, Ly49L has an extracellular domain highly similar to the inhibitory Ly49G.
Ligand identification studies using soluble class I MHC tetramers have shown that the specificities of the B6 and BALB/c alleles of Ly49A are similar, but differential killing of H-2D d þ targets is seen when comparing B6 vs BALB/c Ly49A þ NK cell cytotoxicity. 10 Similar to Ly49A, B6 and BALB/c alleles of Ly49C were indistinguishable in their broad MHC specificity in a cell-binding assay. 11 Ligand specificities of the Ly49G alleles were assessed in RNK cells transfected with chimeric activating receptors expressing the extracellular domains of Ly49G B6 or G BALB attached to an activating cytoplasmic domain. These experiments demonstrated that both allele products recognized H-2D
d , but Ly49G-BALB also displayed specificity for H-2D k . 12 In a recent study, the affinity of Ly49G BALB was found to be greater than Ly49G
B6 for H-2D d when allele-sorted NK cells from (B6 Â BALB)F 1 mice were used in cytotoxicity assays. 13 Therefore, despite allelic divergence, key residues for specific MHC molecule interaction are maintained and ligand specificity is similar, if not identical, among some Ly49 alleles of B6 and BALB/c mice.
While RFLP studies indicated that the genetic complexity of the Ly49 cluster was very different between B6 and BALB/c strains, there was no direct evidence to support this possibility, since three of the known BALB/c Ly49 genes (Ly49a, c, and g) were very similar to their B6 counterparts and the fourth, Ly49l, showed close homology to the Ly49m B6 pseudogene. In order to assess the genetic content of the BALB/c mouse, a Ly49 genemapping study was recently conducted and showed that the BALB/c Ly49 gene repertoire is much smaller than the B6 cluster. The BALB/c mapping study provided evidence of only nine predicted genes: a, Ly49a, c, l, g, i, x, e, and q.
14 Further, the cDNA sequences for the BALB/c Ly49e and q genes were found to be highly similar to their B6 counterparts. The gene-mapping study also detected Ly49i and x-like exon fragments. Although the previous mapping effort was rigorous, it was not possible to know if all Ly49 genes in the BALB/c mouse had been detected. In this study, the total sequence of the BALB/c Ly49 cluster is revealed along with the full complement of BALB/c Ly49 genes and their coding sequences. The elucidation of the BALB/c Ly49 repertoire provides essential information on the entire possible contribution of Ly49 genes during NK cell functional studies in this mouse strain. Furthermore, the complete BALB/c Ly49 sequence contributes greatly to the understanding of the evolution of this interesting gene family.
Results

Sequencing of the BALB/c Ly49 cluster
The nearly complete genomic sequence from the BALB/c inbred mouse of the region on mouse chromosome 6 from B20 kb 5 0 of the a pseudogene fragment until just beyond exon 5 of Ly49q was determined. An earlier genemapping effort that characterized the Ly49 content of the BALB/c mouse provided multiple BAC clones containing different combinations of Ly49 genes. Two clones from that prior study, CHORI28-340f19 and CHORI28-347i8, were chosen for complete sequencing in the present study. Purified DNA from each BAC was mechanically sheared and subcloned into pUC19 plasmids. Plasmid subclone libraries were then sequenced to approximately seven-fold coverage for each BAC. Residual captured sequence gaps in the Ly49 region were elucidated following a single round of primer walking. The assembled sequence lengths were 147 652 and 211 097 bp for BACs CH28-340f19 and CH28-347i8, respectively. By pulsed-field gel electrophoresis, BAC clones CH28-340f19 and CH28-347i8 were previously estimated to be 143 and 203 kb, respectively.
14 Merging the two BAC sequences produced a regional BALB/c Ly49 cluster sequence of 354876 bp. Based on assembly estimations of gap sizes and comparisons with the homologous regions in the B6 and 129S6/SvEvTac (129S6) Ly49 cluster sequences, the estimated total missing sequence in the uncaptured gaps was approximately 15 kb. As the missing sequence is distributed across multiple gaps, and the size of the smallest known functional Ly49 gene is 18 kb, it is highly unlikely that any Ly49 genes remain undetected in the BALB/c regional sequence.
In the region sequenced, nine Ly49-related genes were identified with a relative order of: a, Ly49a, c, l, g, i, y, e, and q. This order and the number of genes confirm the gene content and organization predicted during the previous gene-mapping study for this cluster.
14 Like the B6 haplotype, it was predicted that the g pseudogene fragment also exists in BALB/c mice, but this gene was not present on either of the BACs sequenced in this study. The Ly49x-like gene previously detected in the BALB/c genome was renamed Ly49y, as it has diverged considerably compared to Ly49x B6 (discussed below). A complete Ly49i-related gene was also identified as previously predicted. A BALB/c Ly49b cDNA has been deposited in GenBank (AF253057), but that gene was not present in the sequenced region; therefore it is likely that, similar to the B6 genome, Ly49b in BALB/c mice is located far from the main gene cluster.
Direct sequence comparison to the C57BL/6 Ly49 cluster Direct comparison of the BALB/c and B6 Ly49 cluster by percent identity plot (PIP 15 ) analysis using single coverage revealed that the two haplotypes are highly related ( Figure 1 ). Almost all regions of the BALB/c cluster have matches of 95% or greater sequence identity to the B6 cluster. The only regions that have no match are the BALB/c-specific LINE1 motifs in Ly49a-intron 6 and Ly49i-intron 2. The counterpart of the first 11 kb of the BALB/c sequence was not included in the B6 sequence and so has no match. From exon 3 of Ly49i to just beyond exon 6 of Ly49y, there is much less homology to the B6 sequence relative to the remaining BALB/c sequence. Surprisingly, most of the Ly49l gene had a very strong match (95-100%) to the B6 cluster, despite the fact that Ly49l is only represented in the B6 genome by a single exon (exon 7). The B6 Ly49m pseudogene appears to be responsible for this close homology match.
The most closely related regions in the two clusters that account for the high PIP scores are indicated in a dotplot comparison of the two regions ( Figure 2 ). There is a very strong indication of homology from the a fragment to almost the end of Ly49a. The break in identity at the end of the Ly49a gene is caused by a LINE1 motif not present in the B6 Ly49a gene. After this small disruption, there is a very good match that includes all of Ly49c and l. The B6 counterpart genes in this region giving the match are Ly49c and m. Based on the PIP and dotplot results, the conserved locus organization and intergenic spacing, as well as the previously noted high cDNA and amino-acid homology, these data collectively suggest that Ly49m
B6 and Ly49l
BALB can be considered as alleles. Figure 2 also shows that the B6 and BALB/c Ly49g gene and upstream intergenic region are very well conserved. Surprisingly, Ly49i
BALB does not show strong . In fact Ly49i B6 has a much stronger and longer match to Ly49c BALB . Beyond this, the homology matches break down and only short matches are evident due to the high overall relatedness of all Ly49 genes. Strong conservation is only again observed for the Ly49e and q region. Ly49x B6 shows a weak match for Ly49y BALB , again arguing for their separation as distinct (albeit related) genes. The only other available fully sequenced murine Ly49 region is from 129S6 mice, and dotplot comparison of the BALB/c and 129S6 Ly49 clusters showed even less conservation than to the B6 region. In the BALB/c vs 129S6 comparison, the best matches are again in the boundary regions containing a-Ly49a-c and Ly49e-q (data not shown). These direct sequence comparisons suggest that the BALB/c Ly49 cluster is more closely related to the B6 haplotype, although the B6 region is more closely related to the 129S6 haplotype according to this type of analysis. 16 Both B6 and BALB/c clusters possess a very high content and similar distribution of repetitive elements (Table 1) . Approximately 50% of the Ly49 gene cluster is composed of repetitive elements as compared to the murine genome total of 39%. 17 The most abundant elements were the LINE1 motifs at approximately 36% in both haplotypes. Despite the large contractions or expansions of the three sequenced murine Ly49 haplotypes (B6, BALB/c, 129S6), the percentage of the different repetitive elements in each haplotype is similar. The number of repeats are significantly elevated relative to the total genome average, and this is especially true for the LINE1 motifs which are present at almost twice the level (B36%) of the mouse genome total of 19% (Table 1) . 17 Thus, it appears that repetitive elements in general, and LINE1 motifs in particular, are intimately coupled with the evolution of the Ly49 gene repertoire.
Novel BALB/c Ly49 exonic sequences As a result of the BALB/c Ly49 region sequencing, the complete predicted exon sequences for two new genes, Ly49i BALB and Ly49y BALB , were elucidated. Predicted amino-acid translations indicate that Ly49y would code for an activating receptor as it has an arginine codon in the correct location for DAP12 association in the putative transmembrane domain coding region (Table 2) . DAP12 is the signaling adaptor that recruits Syk kinase upon ligand binding by the receptor. 18 The exonic coding sequence for Ly49y appears to be intact, but RT-PCR of cDNA derived from BALB/c adherent lymphokineactivated killer (ALAK) cells or total splenocytes with multiple Ly49y-specific primer sets did not result in the detection of Ly49y transcription (data not shown). These results suggest that Ly49y is an untranscribed pseudogene. In the previous BALB/c Ly49 mapping study, exons 3 and 4 of Ly49y had been identified in BAC clones and named Ly49x BALB . 14 In contrast to Ly49y, the putative amino-acid translation of Ly49i BALB does not have the DAP12-associating arginine residue, but instead has an ITIM-like motif in the cytoplasmic domain (DTYSTV), although the presence of a charged residue in the first position, normally occupied by a valine, may argue against the functionality of the motif. The closest match for Ly49i BALB is Ly49i
B6
with 96.5% nucleotide identity, and is in the correct location relative to Ly49g to be considered as the BALB/c allele of Ly49i. Ly49i BALB appears to be a pseudogene as it The region scanned for repeats in the BALB/c cluster was 354 kb and included all genes between the a gene fragment to intron 5 of Ly49q. The region analyzed for the B6 cluster was from the beginning of the a gene fragment to exon 6 of Ly49q (561 kb). has an early in-frame stop codon in exon 3 and so suggests that the commonly used 5E6 mAb will only recognize Ly49C in BALB/c mice. In B6 mice, 5E6 binds to both Ly49C and Ly49I, thus making it difficult to separate the functions of these two receptors. 19 This can now be overcome simply by using BALB/c NK cells. As no other genes of the same subfamily (or even activating counterparts) exist in the BALB/c genome, it is highly unlikely that 5E6 will cross-react with any other BALB/c Ly49 gene. Apart from the a fragment, which is common to all sequenced murine haplotypes, only Ly49i and y are predicted to represent pseudogenes in BALB/c mice. This is in stark contrast to the B6 and 129S6 Ly49 haplotypes that have a significantly larger proportion of defective genes. 20, 16 Comparison of the total cDNA coding sequence of all BALB/c, 129S6, and B6 Ly49 was performed by sequence alignment according to homology, and is displayed as a phylogram in Figure 3 .
B6 was not stronger than to the next nearest relative Ly49p 129 , again supporting a separate identity of Ly49y from Ly49x. Ly49i
BALB was most similar in sequence to the other Ly49i alleles, but is still the most divergent member. The different subfamilies were color-coded according to the following groups: D, L, A, G, B, Q, E, H, and C-like. Ly49s and f were included in the E-like group even though they appear to be part of a separate branch in the phylogram. However, the bootstrap value for the average branching pattern for this section is low (62%) compared to the values for all other major branchpoints. In the remaining minority bootstrap alignments, Ly49s/f were on the same branch as the other E-like genes and so are represented as one subfamily.
Ly49 promoter elements in BALB/c Three distinct sites of transcription initiation have been described in the Ly49 genes. The promoter regions currently identified are named Pro1, Pro2, and Pro3. 21, 22 The Pro1 element is active in immature NK cells, and a recent study has revealed that Pro1 is a bi-directional promoter complex that can act as a probabilistic switch. 23 The probabilistic nature of this element provides an explanation for the stochastic expression of Ly49 proteins. Pro2 is the most frequently studied Ly49 promoter, and it is active in mature NK cells. Pro3 is an additional promoter located adjacent to the first coding exon (exon 2) of several Ly49 genes, and it has been shown to represent the major site of transcriptional initiation of the Ly49g gene in splenic NK cells.
22 Figure 4 shows a comparison of the Pro1 and Pro2 regions of the BALB/c Ly49 genes. The Ly49q gene has no discernable Pro1 element, as previously observed for the B6 and 129S6 Ly49q genes. 16 The comparison of the Pro1 elements shows that this region of the inhibitory Ly49 genes is generally conserved, and the activating genes Ly49l and Ly49y have distinct Pro1 elements. Sequence analysis of the 129S6 Ly49lr gene revealed a 1660 bp deletion that removed the Pro1 element of this gene, and no transcripts of Ly49lr could be detected in 129S6 NK cells, supporting an important role for Pro1 activity in the initiation of Ly49 transcription. 16 The Ly49y gene possesses a high degree of sequence homology to Ly49lr and it shares a similar position in the Ly49 cluster. Remarkably, Ly49y contains a similar but nonidentical deletion of 1640 bp that removes the 5 0 region of the Pro1 element including the TATA box associated with reverse transcription. In vitro studies have shown that reporter constructs lacking the reverse TATA box possess some forward promoter activity; however, like Ly49lr, Ly49y produces no detectable transcript in NK cells, suggesting that the deletion renders the Pro1 element nonfunctional. The Pro1 element of the BALB/ c Ly49i gene is very similar to the 129S6 Ly49i 1 gene and the Ly49j gene of C57BL/6. All of these genes have a 19 bp deletion adjacent to the forward TATA element, and this alteration has been associated with decreased forward transcriptional activity of the Ly49j Pro1 element. Since Ly49j is transcribed in less than 5% of NK cells, 24 the BALB/c Ly49i gene may only be transcribed by a small percentage of cells. The possible reduced expression of the Ly49i gene in BALB/c Figure 3 Phylogeny of all Ly49 cDNAs from three murine inbred mouse strains. All known Ly49 cDNA coding regions from B6, BALB/c and 129S6 mice, including artificially spliced cDNAs from nontranscribed pseudogenes, were aligned using ClustalX. Bootstrap analysis was performed on 1000 data sets with PHYLIP and the final consensus phylogram was visualized with TreeExplorer. The percentage bootstrap values are given for major branchpoints. The Ly49 family of genes can be subdivided into the D, L, A, G, B, Q, E, H, and C-related groups. Each subfamily is represented by a distinct color and similar shades (light and dark) denote inhibitory vs activating receptors with similar carbohydrate recognition domains. The scale bar indicates the percentage of divergence between cDNAs.
The BALB/c Ly49 cluster sequence SK Anderson et al probably has no functional consequence, since it represents a pseudogene due to the presence of a premature stop codon in exon 3. The Pro2 elements of the BALB/c Ly49 genes can be divided into three distinct groups: activating, Ly49a-related, and Ly49c-related genes. Comparison of the BALB/c Pro2 promoter sequences to the 129S6 and B6 alleles demonstrates a high degree of conservation of this promoter region between strains (data not shown).
Comparison of gene content between three mouse Ly49 haplotypes
The disparity with respect to gene content between the three sequenced murine Ly49 haplotypes is remarkable. Figure 5 is a scale representation of the main Ly49 genes (excluding the distant Ly49b gene) on chromosome 6 of these three haplotypes. The subfamily to which each gene belongs is indicated by the same color used in the phylogram of Figure 3 . The most striking difference, aside from haplotype size, is the lack of any Ly49h-like genes in the BALB/c haplotype. All other Ly49 subfamilies are represented in BALB/c mice, by at least one member. While the genomic content of each of the three haplotypes is dissimilar, it is obvious that the arrangement of several genes is conserved in each of the haplotypes. These conserved Ly49 were previously described as 'framework' genes, and are composed of three gene pairs: Ly49a and c, Ly49g and i, and Ly49e and q.
14 The present sequence information from the BALB/c cluster supports the framework hypothesis. The regions containing framework gene pairs align very strongly between BALB/c and B6 haplotypes (see Figure 2) , except for a BALB/c-specific deletion between the Ly49g and i genes.
Discussion
The sequence characterization conducted in this study provides a complete evaluation of the BALB/c Ly49 repertoire. The known absence or presence of specific Ly49 genes in this and other mouse strains will facilitate the matching of NK cell functions with specific receptors. For example, this study formally demonstrates that the lack of mAb 4E5 staining, 3 as well as the decreased level The BALB/c Ly49 cluster sequence SK Anderson et al of CHO tumor cell killing by BALB/c NK cells relative to B6 NK cells, 25 is due to the complete absence of a Ly49d-like gene in BALB/c mice. Similarly, the sequence data confirm the absence of a Ly49h-related gene in BALB/c mice as previously suggested by the lack of a NK cell subset staining with Ly49H-specific antibodies and the increased splenic viral titer of BALB/c mice relative to B6 during MCMV infection. 5, 26, 27 Furthermore, the complete sequencing of the BALB/c Ly49 cluster indicates that the 5E6 mAb should only recognize Ly49C on NK cells in this inbred strain since the BALB/c allele for Ly49i is a pseudogene. Thus, the BALB/c mouse strain is superior to B6 in this respect, as all functional NK studies performed with B6 mice using the 5E6 antibody cannot differentiate between the contributions of Ly49C and I.
Where are the BALB/c pathogen receptors? Ly49D recognizes MHC ligands from mice and other rodent species and confers to NK cells the ability to reject bone marrow cell allografts expressing H-2D d . 25, [28] [29] [30] However, the exact physiological role of the Ly49d-like genes is at present still unknown. In contrast, the identification of Ly49H as an activating receptor for the MCMV m157 gene product proves that Ly49H has a direct role in antiviral immunity mediated by B6 NK cells. 31, 32 The lack of a gene coding for this type of receptor in the BALB/c haplotype is surprising. Assuming that MCMV is an endemic pathogen in wild mice as human cytomegalovirus is to humans, and that the absence of a Ly49h-like gene is not a result of inbreeding, then it appears that the NK cell-mediated arm of the innate immune system of the BALB/c mouse does not respond to MCMV infection.
It seems unlikely that such an NK cell receptor haplotype would have survived selection in the wild if MCMV were prevalent. If one assumes that each of the different Ly49 haplotypes have properties advantageous to NK cell function, and therefore host defense, then it is possible that the BALB/c cluster has some, as yet, unknown protective component. The finding of a pathogen-derived ligand for the activating Ly49L receptor would support this hypothesis. BALB/c mice do possess at least one activating receptor for MCMV, namely TLR9. This receptor is expressed on dendritic cells and is able to recognize members of the herpesvirus family resulting in the rapid secretion of cytokines, especially interferon a/b by plasmacytoid dendritic cells. 33 Similar to Ly49h-deficient BALB/c mice, the absence of TLR9 results in mice that are much more susceptible to MCMV infection. Thus, it appears that activating receptors for MCMV on both dendritic cells and NK cells are required for an effective immune response to MCMV.
Ly49 allele inactivation
In this study, it is proposed that Ly49l BALB and Ly49m
B6
are actually alleles based on sequence homology and their relative location within the Ly49 gene cluster. Therefore, it would appear that the single exon 7 fragment in the B6 haplotype currently termed Ly49l is misnamed and is in fact a remnant of a different gene. Exon 7-Ly49l B6 has several possible origins and include: (1) a small duplication of the region surrounding this exon from Ly49m, (2) duplication of the complete Ly49m gene followed by deletion of the promoter region and exons 1-6, or (3) Ly49pd 129 was originally a part of a B6 haplotype precursor and the exon 7 fragment is the residual evidence. Exon 7 of Ly49pd is almost identical in sequence to exon 7-Ly49l B6 . 16 The existence of complete Ly49m and Ly49w genes in the NOD inbred mouse suggests that the second scenario may be true. Ly49w is very similar to both Ly49l BALB and Ly49m B6 and is obviously derived from a common progenitor. 8 If Ly49w were adjacent to Ly49m in the NOD haplotype, as Ly49m and exon 7-Ly49l are in the B6 genome, it would support such a hypothesis.
In addition to Ly49l B6 and m B6 , many genes in the three sequenced murine Ly49 gene clusters have been inactivated. In particular, the selective inactivation of different members of the Ly49c-related subfamily during evolution is intriguing. In the B6 haplotype all three members, Ly49c, j, and i, are functional and expressed. In 129-strain mice only Ly49i 1 is present and functional; the putative Ly49c B6 allele, Ly49i 2 , is a pseudogene, and there is no Ly49j B6 counterpart in 129S6 mice. 16 As shown in the present study, like the 129S6 haplotype, the BALB/c cluster only has two Ly49c-like genes and only one is functional. But unlike the 129S6 haplotype, the Ly49i allele has been inactivated in the BALB/c strain. The haplotype-specific inactivation of the various c-like inhibitory Ly49 may be a consequence of inbreeding and 'trapping' of a Ly49 gene with a MHC haplotype that does not supply a ligand. Thus, the inactivation of this Ly49 by random mutation would be a neutral event with regard to natural selection. Another possible explanation for inhibitory Ly49 gene inactivation is overlapping ligand specificities. Ligand redundancy could conceivably allow for the loss of a gene for which a related Ly49 already provides the same specificity. This makes the expression of three C-like genes in the B6 strain all the more intriguing and argues for their having separate nonredundant functions despite evidence showing that Ly49C B6 can bind all the same types of MHC as Ly49I B6 and more.
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Evolution of the BALB/c Ly49 haplotype The evolutionary pathways accounting for the B6, BALB/c, and 129S6 Ly49 clusters are not straightforward due to the presence of 'shared' genes between the B6 and BALB/c haplotypes (Ly49l and Ly49m are considered to be allelic), and the B6 and 129S6 haplotypes (the Ly49h-like genes as well as Ly49f/s and Ly49d/r). At least three possible scenarios can account for the current haplotypes. In scenario 1, the 'Linear Progression Model' postulates that the BALB/c haplotype gave rise to an ancestral B6 haplotype by acquiring the Ly49h, d, and f precursors through duplications in the case of Ly49d and f, or through chimerization in the case of the Ly49h gene followed by tandem duplication (Figure 6a ). The ancestral B6 cluster then underwent a small deletion of the Ly49l/m precursor resulting in an ancestral 129S6 haplotype. The individual ancestral B6 and 129S6 haplotypes then went on to acquire their present-day genetic structure. In the second scenario, the 'Unequal Crossing Over Model' suggests that a minimal ancestral haplotype containing all the common genes of the three murine haplotypes gave rise to the BALB/c and ancestral B6/129S6 haplotypes independently (Figure 6b) . A mouse heterozygous for both haplotypes was generated and a meiotic crossing-over event within the Ly49 cluster resulted in the unequal exchange of genetic information. This resulted in Ly49l being 'grafted' onto what became the ancestral B6 haplotype. Finally, in the third scenario, the 'Contraction Model' theorizes that in a haplotype ancestral to both B6 and 129S6 clusters a hybridization event gave rise to the Ly49l/m gene (Figure 6c ). This ancestral B6 haplotype then experienced a large deletion between the Ly49i and y genes and resulted in the present-day BALB/c haplotype. Note that each model assumes that the present-day B6 and 129S6 haplotypes are derived from the ancestral haplotype Figure 6 Three possible scenarios for the evolution of the murine Ly49 gene cluster. Three hypothetical derivations of the present-day BALB/c, B6, and 129S6 Ly49 haplotypes are presented. The type of each gene is indicated by the color, which was previously assigned to each subfamily in Figure 3 . Genes and haplotypes are not drawn to scale. (a) The BALB/c haplotype preceded an ancestral B6 haplotype, which in turn gave rise to an ancestral 129S6 haplotype. All necessary duplications, deletions, and recombinations are assumed. (b) A minimal common ancestral haplotype gave rise to BALB/c and ancestral B6/129S6 haplotypes independently, which then recombined, giving rise to an ancestral B6 haplotype now containing the Ly49l/m gene. (c) Alternatively, the present-day BALB/c haplotype is the result of a large deletion in an ancestral B6 haplotype that removed the Ly49h, d, and f genes.
The BALB/c Ly49 cluster sequence SK Anderson et al shown, and that missing gene duplication/hybridization events are assumed to occur later in the specific evolution of each haplotype. More complex scenarios can be envisioned for the formation of the current haplotypes, but these three models encompass the likely major events.
Rodent Ly49 evolution
There are now three fully sequenced murine Ly49 haplotypes with a very wide disparity in gene content. In addition, a single rat Ly49 haplotype has also been sequenced and described. [34] [35] [36] The BN/SsNHsd/MCW inbred rat possesses 34 uninterrupted Ly49 genes with the same transcriptional orientation. In addition to a group of rat Ly49 that have no obvious orthologues in the mouse, one gene, rLy49i8, is a clear orthologue of mLy49b, and mLy49q is clearly more related to a large group of rat Ly49 than to the other mouse Ly49. Likewise, rLy49i6 is more closely related to the mouse Ly49 than to other rat Ly49 genes. This suggests that the precursor species to mice and rats possessed a Ly49 haplotype composed of Ly49b-, Ly49q-, mLy49-, and rLy49-like genes. After speciation, mLy49 and rLy49 expanded by duplication in mice and rats, respectively, while a single mLy49 was maintained in rats and rLy49 was lost in the mouse lineage. Ly49b was also maintained as a single gene in both species, but Ly49q preferentially duplicated many times in the rat. B6 and BALB/c mice have a single Ly49q gene, but 129S6 has two Ly49q duplications, both of which are missing two exons coding for most of the carbohydrate recognition domain and so casts doubt on their functionality. 16 Based on the gene content disparity of the three known murine haplotypes and the single rat haplotype, it would appear that Ly49 cluster evolution is continuous, perhaps punctuated by major events, and that this evolution is quite rapid.
Concluding remarks
Mouse haplotypes can contain between 8-20 Ly49 genes. This is highly reminiscent of the killer cell Ig-related receptor (KIR) genes in humans, whose protein products are the functional analogues of Ly49 in mice. There are two fully sequenced human KIR haplotypes, each containing nine or 10 KIR genes, but these haplotypes only have four framework KIR in common. 37 Segregation analysis of families suggests that KIR haplotypes can vary widely in gene content with a range of 4-14 genes per haplotype. 38 Why is there so much variation in NK cell receptor repertoires within species? At least two separate factors are driving the evolution of these gene clusters: (1) recognition of self by the inhibitory receptors and (2) recognition of non-self by the activating receptors. The evolution of the inhibitory receptors must keep pace with the evolution of the class I MHC genes. However, this is complicated by the fact that class I MHC has a second and equally important role as a ligand for the T-cell receptor. Therefore, all three gene families (MHC, KIR/Ly49, TCR) are co-evolving. Assuming that all the activating Ly49 are receptors for pathogens, then they must evolve as the pathogens evolve. The extremely high incidence of pseudogenes among the activating Ly49 subfamily may reflect and/or assist the rapid evolution of this gene family.
Materials and methods
Identification of BAC clones for sequencing
The BALB/c Ly49 gene cluster was sequenced using a sequence-ready minimal BAC tiling path that had been identified in a prior study from a BALB/cByJ inbred mouse genomic BAC library (CHORI-28; BACPAC Resources, Oakland, CA, USA). 14 The following BAC clones were selected for complete sequencing: CH28-340f19 and CH28-347i8.
BAC clone sequencing BAC plasmid DNA from each BAC clone was purified, mechanically sheared into 2-4 kb fragments, end-repaired, and cloned into pUC19 as previously described. 39 Subclones were sequenced on both strands with M13-forward and M13-reverse universal primers using Big Dye Terminators (Applied Biosystems, Foster City, CA, USA). Approximately seven-fold redundant sequencing was performed using ABI3730XL instruments (Applied Biosystems). Each BAC was individually assembled with CONSED version 13.0 (http://www.phrap.org/consed/ consed.html), 40 and sequence contigs were ordered and oriented using subclone read-pair information. Residual sequencing gaps in the Ly49 region were reduced following a single round of primer walking. The individual BAC sequences are available from GenBank using the following accession numbers: CH28-340f19 (AC159401) and CH28-347i8 (AC159402). Merging the BAC clone sequences into a single contiguous sequence of approximately 354 kb resulted in a regional sequence. The BALB/c regional sequence is available as Supplementary material at http://www.ircm.qc.ca/microsites/ amakrigiannis/en/.
Sequence analysis
The B6 Ly49 cluster sequence was assembled as described previously. 16 Dotplot comparison of the BALB/c vs B6 clusters was performed using Dotter (available from http://www.cgb.ki.se/cgb/groups/ sonnhammer/Dotter.html). 41 Repetitive elements were identified with Repeatmasker version 3.0.0 (AFA Smit and P Green, unpublished; available at http://www. repeatmasker.org/). A PIP of the repeat-masked BALB/c vs B6 Ly49 sequence was constructed using Advanced Pipmaker with a setting of single coverage (available at http://pipmaker.bx.psu.edu/pipmaker/). 15 To facilitate Dotter and Pipmaker analysis, some small gaps in noncoding, but highly conserved, areas were filled using B6 or 129S6 sequence. This sequence constituted less than 5% of the total BALB/c regional sequence and does not appear in the GenBank submission. The B6 Ly49 cluster sequence and the BALB/c vs B6 PIP (Figure 1 ) are also available as Supplementary material at http:// www.ircm.qc.ca/microsites/amakrigiannis/en/.
For Ly49 cDNA phylogeny analyses, putative cDNA sequences were constructed from new exon data and aligned using ClustalX version 1.81. 42 Bootstrap analysis of 1000 replicates was then performed with Phylogeny Inference Package (PHYLIP) version 3.5c as described previously (available at http://evolution.genetics. washington.edu/phylip.html). 16, 43 Phylograms were constructed with TreeExplorer version 2.12 (K Tamura, unpublished; available from http://evolgen.biol.metro-u. ac.jp/TE/TE_man.html).
Abbreviations 129S6, 129S6/SvEvTac; B6, C57BL/6; NK, natural killer; KIR, killer cell Ig-like receptor; PIP, percent identity plot; ALAK, adherent lymphokine-activated killer; RFLP, restriction fragment length polymorphism.
